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30 H. Wang et al. / Virology Reports 5 (2015) 29–46Hepatitis A virus (HAV) infection constitutes a public health problem throughout theworld and i
in China where a large number of hepatitis A cases are reported each year (Cui et al., 2009). HAV in
generally self-limiting and can lead to a wide variety of clinical presentations, ranging from asympto
fection to fulminant fatal disease (FB and SU, 2001). As the sole member of the genus Hepatovirusw
Picornaviridae family, HAV is a nonenveloped, 7.5-kb, positive-stranded RNA virus. The viral geno
single long open reading frame (ORF) of 2227 amino acids, encoding a polyprotein of appro
250 kDa. The polyprotein can be divided into three major regions, termed as P1, P2 and P3. The
encodes the structural proteins VP1–VP4, while P2 and P3 encode the nonstructural proteins a
with viral replication. The ORF is preceded by the 5′ untranslated region (UTR) and is followed by
with a short polyA tail (FB and SU, 2001).
Despite genetic heterogeneity at the nucleotide level, only one serotype has been identiﬁed for
far (Nainan et al., 2006). HAV strains can be divided into six genotypes, of which genotypes I, II a
found in humans, and each of them is further divided into subgenotypes A and B (Nainan et
Costa-Mattioli et al., 2002). Recently, viruses isolated from Peru and Spain were proposed to be cla
subgenotype IC (Pérez-Sautu et al., 2011). Genotype I is themost common worldwide, followed by
III. Genotype I is prevalent in China at present,with themajority (98%) belonging to subgenotype IA (
2011). Genotypes IV, V and VI are simian in origin, and these strains have a unique P1 sequence and
VP3–VP1 junction sequence (Vaughan et al., 2014; Nainan et al., 1991; Tsarev et al., 1991; Brown et
Hepatitis A ismainly transmitted via the fecal–oral route either byperson-to-person contact or b
inated food or water. In some rare situations, HAV infection may also be transmitted by contamina
transfusion or blood products from HAV infected patients (Vaughan et al., 2014; Chudy et al., 1999)
of full-length HAV sequences in sporadic or outbreak cases can provide the theoretical and technica
for understanding the molecular evolution of HAV.
Of the at least 60 complete or nearly completewild-type HAV nucleotide sequences of subgenoty
IIA, IIB, IIIA and IIIB available in GenBank, only ﬁve of the isolates were reported in China (Hu et al.,
our knowledge, no studies have been carried out on the HAV genetic recombination of wild-type
China. Recent reports (Moratorio et al., 2007; Kulkarni et al., 2009) estimated the mean substitu
and effective population of HAV using complete VP1 sequences and complete genome sequences.
studies on the evolutionary rates and evolutionary history of genotype I are limited. While the di
of HAV quasispecies has been documented in many studies (Sánchez et al., 2003; Wang et
Sulbaran et al., 2010), few have examined the quasispecies distribution across the complete
Therefore, the aim of this study was to characterize the genetic diversity and quasispecies distr
HAV strains circulating in China and to infer the substitution rate and evolutionary history of g
worldwide. The current ﬁndings may be helpful to understanding the evolution of HAV, which
important in controlling and preventing hepatitis A.
2. Material and methods
2.1. Samples
Five serum samples from acute hepatitis A patients which tested positive for anti-HAV IgMwer
for full-length genome ampliﬁcation and sequencing. These samples were collected from ﬁve
provinces located in Hetian (Xinjiang Province, 2006), Handan (Hebei Province, 2007), Beijin
Pingdingshan (Henan Province, 2009) and Tongxin (Ningxia Province, 2007) and designated as H
BJ73, PDS35 and TD51, respectively. To identify anti-HAV IgM antibodies, the anti-HAV IgM Ki
Diagnostics, Beijing, China) was used. All samples were stored at−20 °C until further use.
2.2. RNA extraction, PCR ampliﬁcation and sequencing
Total viral RNA was extracted from 140-μl serum samples using the QIAamp Viral RNA Mini Ki
Valencia, CA, USA). The cDNA was prepared by adding 10 μl of the extracted RNA to 20 μl RT
SuperScript III reverse transcriptase (Invitrogen, Carlsbad, CA, USA) according to the manu
instructions. Thewhole genome sequenceswere coveredby eight overlappingDNA fragments using 16 sets of
primers. The nt 610–6092 regionwas ampliﬁed by nested PCRwith exTaq polymerase (Takara, Dalian, China)
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31H. Wang et al. / Virology Reports 5 (2015) 29–46according to themanufacturer's instructions. The extreme 5′ ends and 3′ endswere ampliﬁed by sem
PCR. The PCR reaction was carried out as follows: incubation at 94 °C for 5 min, and then 35 amp
cycles of denaturation at 94 °C for 30 s, annealing at 50–55 °C for 30 s and elongation at 72 °C for 60 s
by a ﬁnal extension at 72 °C for 10 min (Wang et al., 2013). The primers used for reverse transcript
nested and nested PCR are listed in Table 1. The positionswere numbered according to theHAVHM1
(GenBank accession no. M14707). The PCR products were visualized by UV light in a 1.0% agaros
then puriﬁed products were sequenced in both directions using the ABI Prism Big Dye Terminator
quencing Ready Reaction Kit (Applied Biosystems, Foster City, CA, USA) and an automated seque
model 373 or 377; Applied Biosystems). The extreme 5′ ends and 3′ ends were gel puriﬁed, clone
pMD-19T vector (Takara) and used to transform competent Escherichia coli DH5α cells. Five am
resistant clones of each fragmentwere selected and sequenced in bothdirections. The fragment sequ
tained were then edited and analyzed.
2.3. Sequence and phylogenetic analysis
Eight nucleotide sequence contigs were assembled using Sequencher 4.0 (Gene Codes, Ann A
USA) to obtain the full-length genome. The whole HAV genomes were compared with HAV s
deposited in GenBank using the BLAST program, and then full-length reference strains of genoty
Table 1
Oligonucleotide primers used in RT-PCR and sequencing.
Primersa Sequences(5′ to 3′) Positionsb
F1c TTCAAGAGGGGTGTCCGGAGT 1–21
R1c GGTCAAGGCCACTCCCAAC 786–768
R2c AATGCCCCTGAGTACCTCAG 707–688
F3 CAGACCTCTCTGTGCTTAG 574–592
R3 GATGTCCAAGTAGTAAAATGAG 1636–1615
F4 GCCTTAAATGGGATCCTGTG 608–627
R4 CCTGATCCAAAGCAAAAGAC 1569–1550
F5 GCTAGGTTTACAGATTTGGAG 1419–1439
R5 TGTCTCAGGCACTTTCTTTGC 2408–2388
F6 ACTCCTCTTTCTACACAGATG 1452–1472
R6 CACTTTCTTTGCTAAAACTGG 2399–2379
F7 GTTTTGCTCCTCTTTATCATGC 2167–2188
R7d CATCCATCTCAAGAGTCCACAC 3384–3363
F8 TATCATGCTATGGATGTTAC 2181–2200
R8 TTCATTATTTCATGCTCCTCAG 3286–3265
F9 GGACTTGGAGTCATCGGTGG 3053–3072
R9 CCCAAGGTTAGGGTCAA 4304–4288
F10 CAAAGACTCAAGTATGCTCAGG 3162–3183
R10 TCAACCCCTTTCTGATACTG 4246–4227
F11 GCAAATGGACTCCAGAATGATG 3959–3980
R11 GAATGCCAACTGCAGCTCCC 5148–5129
F12 AAACTATGGCAAGAAGAAGG 4103–4122
R12 CAGCAACCCACTTGTGATTAG 5127–5107
F13 TGAATTCATGGAGTTGTGGTC 4976–4996
R13 AACATCACAGCCATTGGATC 6090–6109
F14 CAGATGATGACAATGATAGTG 5008–5028
R14 GCTGCAGGAAAATTAATCATGG 6064–6043
F15c AGTCAGAGAATAATGAAAGTGG 5943–5964
F16c GTTCAATGAATGTAGTCTCC 5977–5996
R15 c,d TTTTTTTTTTTTTTTATTTACTGAT 7493–7469
a F: forward primer, R: reverse primer.
b Positions relative to the genome of HAV strain HM175 (GenBank accession no. M14707).
c The primers used for semi-nested PCR.
d The primers used for reverse transcription.
and V representing different genotypes and geographical areas were downloaded from GenBank as listed in
Table 2. Sequence alignments were obtained using the CLUSTALW algorithm implemented in the BioEdit
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32 H. Wang et al. / Virology Reports 5 (2015) 29–46software, and the aligned sequences were subjected to phylogenetic analysis using MEGA 5
(Tamura et al., 2011). The phylogenetic tree was constructed using the Neighbor-Joining (NJ) me
the Kimura two-parameter model. The reliability was assessed by the bootstrap resampling t
replications), and only bootstrap values above 70% were shown on the phylogenetic trees.
2.4. Natural selection analyses
The nonsynonymous and synonymous substitution rates, also represented as dN and dS, respectiv
calculated to estimate the natural selection pressure on the entire coding region to identify whether
acid siteswere undergoing negative, neutral or positive selection. If dN N dS, a codonwas considered
selected, and if dN b dS, then itwas deemed negatively selected. If dN=dS, a codonwas determined
trally selected (Lam et al., 2010). The SLAC method implemented in HyPhy software packag
datamonkey.org) was used to estimate the dN and dS (Delport et al., 2010), and the P-value deriv
two-tailed extended binomial distribution was set at 0.1. Meanwhile, the overall average dN/dS
also calculated using the Jukes–Cantor method and the Nei–Gojobori model (Nei & Gojobori, 198
MEGA 5 software package (Tamura et al., 2011).
2.5. Recombination analysis
The nucleotide alignment containing the ﬁve full-length HAV genomes and different genotype
strains (IA, IB, IIA, IIB, IIIA, IIIB, V) was generated using the BioEdit software, and AGM27 (GenBank
no. D00924) from genotype V was set as an outgroup. Once aligned, the HAV genetic recombin
investigated using the similarity plot and bootscan analyses implemented in the Simplot software
with a slide window size of 200 bp and a step size of 20 bp (Lole et al., 1999; Sun et al., 2013). The
cut-off was set at 70% in the bootscan analysis. The recombination events among GenBank sequen
also analyzed by Recombination Detection Program (RDP) 3.44 (Martin et al., 2010). In RDP soft
default settings (with GENECONV, MaxChi, Bootscan, SiScan, LARD, and Chimaera methods) wer
A multiple-comparison-corrected P-value cut-off of 0.05 was used throughout (Liu et al., 2009).
2.6. Evolutionary analyses based on Bayesian MCMC method
The mean substitution rate, tMRCA and MCC tree of the genotype I HAV strains from worldwid
were inferred using the Bayesian MCMC method in BEAST version 1.7.5 (www.beast.bio
(Drummond et al., 2012; Drummond & Rambaut, 2007). The GTR + I (proportion of invariant sit
(gamma distributed rate variation with four rate categories) was found to be the best evolutiona
in this study. Different clock models (strict clock and relaxed clock) and demographic populatio
(constant size, expansion growth, exponential growth and logistic growth) were applied to the
MCMC analyses were run for 20 million generations and sampled every 2000 generations. The
TreeAnnotator and FigTree 1.4 were used to generate and visualize the MCC tree.
2.7. Clonal variability of TD51 isolate
In order to explore the distribution of quasispecies across the complete genome, the clinical sam
was selected and analyzed. The sample was divided into eight fragments, and at least 10 molecu
were randomly selected for each fragment. The cloning methods were described above. The n
sequencing was carried out in an automated sequencer (ABI model 373 or 377; Applied Biosyste
both strands of DNA.
The quasispecies complexity was analyzed by calculating the mutation frequencies and no
Shannon entropy at both nucleotide and amino acid levels in the isolated clones (Aragonès et a
The nucleotide and amino acid mutation frequencies were calculated as the total number of m
divided by the total number of nucleotides sequenced, and the total number of nonsynonymous m
divided by the number of amino acids encoded in the sequence analyzed, respectively. The no
Table 2
Information on isolates analyzed in this study.
Strain Genotype Country Date GenBank
accession no.
LU38 IA China 1988 AF357222
LY6 IA China 2001 AF485328
DL3 IA China 2002 AF512536
AH1 IA Japan 1992 AB020564
AH2 IA Japan 1991 AB020565
AH3 IA Japan 1993 AB020566
FH1 IA Japan 1992 AB020567
FH2 IA Japan 1993 AB020568
FH3 IA Japan 1994 AB020569
LP014 IA Thailand 2005 EF207320
HAJNS-BorSap10 IA Japan (from Malaysia) 1999 AB618531
HAJIH-Fukuo10 IA Japan 2010 AB618529
HA12-0938 IA Japan (from Philippines) 2012 AB793726
HA12-0796 IA Japan (from Philippines) 2012 AB793725
MakassarA07-R18 IA Indonesia 2007 AB839694
MataramA07-RS03 IA Indonesia 2007 AB839695
BaliA03-H29 IA Indonesia 2003 AB839692
JemberA07-SBY07 IA Indonesia 2007 AB839693
SoloA07-P15 IA Indonesia 2007 AB839696
TangerangA07-55 IA Indonesia 2007 AB839697
HAJTS-SinKan11 IA Japan (from Singapore) 2011 AB819869
HA286-Aki1957 IA Japan 1957 AB623053
H2 IA China 1978 EF406357
HAJFF-Kan12 IA Japan 2012 AB819870
HAV-Arg/06 IA Argentina 2006 HM769724
F.G. IA Italy Unknown X83302
GBM IA Germany 1976 X75215
HAV5 IA Uruguay 2005 EU131373
HAV6 IA Uruguay Unknown EU526088
HAV12 IA Uruguay Unknown EU526089
MB-7/4647 IA Russia Unknown EU251188
MB-7/293 IA Russia 2007 HQ437707
HAS-15 IA USA 1979 JQ425480
LA IA USA 1975 K02990
A2 IA Mexico 2009 KC182587
B1 IA Mexico 2009 KC182588
A3 IA Mexico 2009 KC182589
A1 IA Mexico 2009 KC182590
BJ73 IA China 2007 In this study
PDS35 IA China 2009 In this study
HD9 IA China 2007 KP177965
TD51 IA China 2007 KP177964
HT10 IA China 2006 In this study
CFH-HAV IB Japan (from Sierra Leone) 1980 HQ246217
MBB IB North Africa 1978 M20273
L-A-1 IB China Unknown AF314208
IVA IB Australia Unknown DQ646426
HM175 IB Australia 1976 M14707
HAF-203 IB Brazil 1992 AF268396
CF53/Berne IIA France 1979 AY644676
SLF88 IIB Sierra Leone 1988 AY644670
GBS-IND IIIA India 2003 DQ991030
SIM27 IIIA India 2007 FJ227135
PN-IND IIIA India 1992 EU011791
IND-HAV-97F IIIA India 1997 FJ360735
Kor-HAV-F IIIA Korea 2011 JQ655151
Nor-21 IIIA Norway 1997 AJ299464
HA-JNG04-90 IIIA Japan 1990 AB279732
(continued on next page)
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Shannon entropies indicated heterogeneity of the mutant spectra, which were calculated as follows:
SN =−[∑ i (pi ln pi)] / ln N, where pi is the frequency of each sequence in the mutant spectrum and N
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Table 2 (continued)
Strain Genotype Country Date GenBank
accession no.
IND-HAV-06F IIIA India 2006 FJ360730
CP-IND IIIA India 1995 DQ991029
IND-HAV-95F IIIA India 1995 FJ360733
IND-HAV-07F IIIA India 2007 FJ360731
IND-HAV-08F IIIA India 2008 FJ360732
IND-HAV-99F IIIA India 1999 FJ360734
HA-JNG08-92 IIIA Japan (from Madagascar) 1992 AB279733
HAJ95-8 IIIA Japan (from Philippines) 1995 AB279734
KRM238G59 IIIB Japan 1977 AB300205
KRM003G72 IIIB Japan 1979 AB425339
HAJ85-1 IIIB Japan 1985 AB279735
HA-JNG06-90F IIIB Japan 1990 AB258387
AGM27 V Kenya 1985 D00924
IND-SHAV V India 1995 EU140838
34 H. Wang et al. / Virology Reports 5 (2015) 29–46is the total number of sequences analyzed. SN ranges from 0 to 1, indicating no diversity to m
diversity, respectively (Wang et al., 2013; Aragonès et al., 2008).
3. Results
3.1. Characterization of full-length genomes of ﬁve HAV isolates from China
The isolates TD51, PDS35 and HD9 consist of 7494 nucleotides (nt), while HT10 and BJ73 consi
nt. The one nucleotide difference is located at the poly A tract of the 3′ UTR. All of the isolates conta
longORF encoding a polyprotein of 2227 amino acids (6681 nt), with a 5′UTR region of 733 nucleot
3′ UTR of 79–80 nucleotides. The full genome sequences determined in this study have been dep
GenBank (see Table 2).
The ﬁve full-length nucleotide sequences obtained in this study were compared to complete re
tive HAV sequences of different subgenotypes available in GenBank. Table 3 shows the identitie
the nucleotide and amino acid levels. At the nucleotide level, the ﬁve isolates were found to sha
similarity ofmore than 97.7%. All of the isolatesweremost closelymatched to subgenotype IAwith n
identities of 95.6–99.0% over the entire genome length. At the amino acid level, the ﬁve isolates sh
same results of having high homologies with over 95.7% identities with subgenotype IA strains. Ad
neutralizing epitope sites in VP3 and VP1 regions were analyzed. Although some nucleotide variat
found in the VP3–VP1 regions in these ﬁve isolates, whereas most of the nucleotide variations wer
position of the codon and amino acid substitutions were very limited. No amino acid mutations w
at the published neutralizing epitope sites, such as VP3: 65 (Pro), 70 (Asp), 71 (Ser), 74 (Gln) and
(Ser), 104 (Asn), 105 (Lys), 166 (Val), 171 (Val), 176 (Ala), 221 (Lys), and 232 (Gln) (Ping & Lem
Nainan et al., 1992; P.L. H et al., 1988), but the amino acid variants of HT10 at position
(Leu→Met) were located closely to the immunodominant site VP1-232.
3.2. Phylogenetic analysis based on full-length genomes and different gene segments
First, a phylogenetic tree based on the complete genome sequenceswas constructed. A total of 67
entire or nearly entire HAV nucleotide sequences of genotype I, II, III and V were selected. As shown
all ﬁve genome sequences obtained in this study were classiﬁed as subgenotype IA and exhibite
relationship with each other. Furthermore, subgenotype IA sequences from countries in Asia, such
Japan, Thailand and Indonesia, formed an individual branch, whereas the sequences isolated fro
and America formed another branch, indicating that HAV strains in those different geographica
may have evolved separately.
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Fig. 1. Phylogenetic tree constructed based on full-length nucleotide sequence of 72HAV isolates byNJmethod. All reference strainswere
downloaded fromGenBank (see Table 2 for GenBank accession nos., geographical location and year of isolation), and AGM (D00924)was
selected as an outgroup. Isolateswere obtained in this study are indicated by●. Numbers beside the branches indicate bootstrap percent-
ages obtained after 1000 replications of bootstrap sampling. Only bootstrap scores N70% are shown.
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Phylogenetic analyses based on eight distinct genomic regions, including 5′ UTR, VP2, VP3, VP1, 2AB, 2C,
3ABC and 3D regions (Figs. 2 and 3), were also performed. Most of the eight analyzed segments from the
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37H. Wang et al. / Virology Reports 5 (2015) 29–46ﬁve sequences in this study were clustered into one group with isolate LU38, which corresponded
phylogenetic tree of full-length genomes, but small differences were found in some segments. For
in the 2AB region, HT10 and DL3 formed a branch, BJ73 formed another branch with LU38 and FH2
other three isolates formed a separate branch. These phylogenetic conﬂicts may be the result of intr
combination, which requires further analysis.
3.3. Natural selection analysis
The mean nonsynonymous/synonymous substitution rate (dN/dS) across the entire coding reg
codons) was calculated using the single likelihood ancestor counting (SLAC) method in the HyPhy
package. The calculated mean nonsynonymous/synonymous substitution rate was 0.0147, whi
than 1. This SLACmethod did not identify positively selected sites at the P b 0.1 level, but it found 11
ly selected sites, mainly located in 2C and 3D nonstructural protein coding regions. Meanwhile, the d
values were also calculated using the Jukes–Cantor method and the Nei–Gojobori model availa
MEGA 5 software package. The overall average dN-dS was−0.0797, indicating that dN was less
Both methods indicated the HAV coding region was subjected to a clear negative selection.
3.4. Analysis of recombination events
Analyses based on different genomic regions revealed phylogenetic conﬂicts in the selected se
which pointed to potential recombination events. Therefore, similarity plot and bootscan analyses
in the Simplot software package were conducted. No recombination between different subgenot
detected in the ﬁve strains obtained in this study using Simplot software, and all strains had th
similarity with subgenotype IA. However, potential intratypic recombination signals were detected
samples (Fig. 4). HD9, HT10, PDS35 and TD51 had recombination signals within the subgenotype I
300–400 nt. In addition, recombination signals at 5600–5700 nt, encoding the 3C protein, were also
in the HD10 strain.
Furthermore, we found recombination events in reference sequences from GenBank. The phy
tree analyses identiﬁed the potential subgenotype IA and IB recombination of HAV5 and F.G. isola
5′ UTR and 3D regions, respectively, which was consistent with previous reports (Liu et al., 2009
et al., 2011; Belalov et al., 2011). The analyses using RDP software further conﬁrmed the recom
events. As shown in Fig. 5, two other recombination signals were identiﬁed in the HAV5 strai
about 2200–2500 nt and the other at 4800–5400 nt. The recombination event was determine
occurred between the HAV6 (subgenotype IA) and HM175 (subgenotype IB) strains. In the F.G.
additional recombination signal was identiﬁed in the 5′ UTR region which had not been reported p
These recombinations may have occurred between the GBM (subgenotype IA) and HM175 (subgen
strains.
3.5. Evolutionary analyses
To study the HAV evolutionary characteristics of genotype I worldwide, a total of 42 full
sequences (38 subgenotype IA, 4 subgenotype IB) covering the period from 1957 to 2012 were
to estimate the mean substitution rate and evolutionary history. The general time-reversib
uncorrelated lognormal clock model and constant growth combination provided the best ﬁ
data. Under the best ﬁt, the estimated mean substitution rate was 3.27 × 10−4 substitutions/
(95% HPD: 2.48 × 10−4 to 3.99 × 10−4 substitutions/site/year). The most recent common an
genotype I dated back to about 267 years ago (95% HPD: 199–352 years). According to the m
clade credibility (MCC) tree (Fig. 6), the time to the most recent common ancestor (tM
subgenotype IA worldwide was estimated to be about 143 years ago, earlier than its origi
which was about 86 years ago. This analysis indicated that HAV strains in Asia may have been in
from other areas. The tMRCA of subgenotype IB was found to be about 154 years ago, slightly ea
that for subgenotype IA.
Fig. 2. Phylogenetic tree of subgenotype IA constructed based on different genomic regions using the NJ method. The 5′ UTR (nt 1–734),
VP2 (nt 804–1469), VP3 (nt 1470–2207) and VP1 (nt 2208–3104) regions were included in the phylogenetic analyses, and all positions
are relative to the genome of HAV strain HM175 (M14707). Isolates were obtained in this study are indicated by●. Numbers beside the
branches indicate bootstrap percentages obtained after 1000 replications of bootstrap sampling. Only bootstrap scores N70% are shown.
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Fig. 3. Phylogenetic tree of subgenotype IA constructed based on different genomic regions using NJmethod. The 2AB (nt 3105–3995), 2C
(nt 3996–5000), 3ABC (nt 5001–5948) and 3D (nt 5949–7415) regions were included in the phylogenetic analyses, and all positions are
relative to the genome of HAV strain HM175 (M14707). Isolates were obtained in this study are indicated by ●. Numbers beside the
branches indicate bootstrap percentages obtained after 1000 replications of bootstrap sampling. Only bootstrap scores N70% are shown.
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3.6. Mutant quasispecies spectrum at complete genome level
ue to the
sispecies
, with the
Fig. 5. Recombination analyses of HAV5 and F.G. isolates using the RDP package. Bootscan analyses of HAV5 and F.G. of complete HAV
genomes using a sliding window of 200 nt, step size of 20 nt and 100 bootstrap replications. The bootstrap cut-off was set at 70%. The
x-axis represents the genome position, and the y-axis shows the percentage of bootstrap pseudoreplicates that support grouping of the
query sequence with other sequences. Three recombination events were detected in the HAV5 strain, and two recombination events
were detected in the F.G. strain.
), HT10 (C),
s selected as
41H. Wang et al. / Virology Reports 5 (2015) 29–46The distribution of quasispecies across the complete genome was also analyzed in this study. D
presence of the UTR in fragments F2, F4 and F16, they were omitted from the amino acid qua
complexity analyses. Table 4 shows the characterization of the mutant spectrum of sample TD51
Fig. 4. Recombination analyses ofﬁve full-length sequences using the bootstrapmethod. Bootscananalyses of BJ73 (A),HD9 (B
PDS35 (D) andTD51 (E) using a slidingwindowof 200 nt, step size of 20nt and 100 bootstrap replications. AGM(D00924)wa
an outgroup. The x-axis represents the genome position, and the y-axis shows the percentage of bootstrap pseudoreplicates that support
grouping of the query sequencewith other sequences. The bootstrap cut-offwas set at 70%. Names of the query sequences are indicated in
the upper right corner.
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nucleotide mutation frequency ranging from 7.26 × 10−4 to 2.30 × 10−3 substitutions per nucleotide in the
eight regions. The nucleotide mutation frequency of the fragments (F4, F6 and F8) mainly encoding the
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Table 4
Characterization of mutant spectrum of different regions in TD51 isolate.
Genomic
fragments
Mutationsa/Nucleotides
sequenced
Nucleotide mutation
frequencyb
Amino acid mutation
frequencyb
SNc SNAc
F2(1–706) 8/7766 1.03 × 10−3 None 0.79 None
F4(607–1570) 7/9640 7.26 × 10−4 None 0.65 None
F6(1451–2398) 14/9490 1.48 × 10−3 3.16 × 10−3 0.76 0.76
F8(2181–3273) 9/10900 8.26 × 10−4 1.38 × 10−3 0.94 0.65
F10(3161–4245) 23/12960 1.77 × 10−3 3.94 × 10−3 0.95 0.91
F12(4101–5126) 26/11286 2.30 × 10−3 4.27 × 10−3 1.00 1.00
F14(5007–6061) 16/10550 1.52 × 10−3 2.28 × 10−3 0.94 0.65
F16(5975–7494) 35/15190 2.30 × 10−3 None 0.94 None
a Mutations are those that vary relative to the corresponding consensus sequences.
b The nucleotidemutation frequency is the total number ofmutations divided by the total number of nucleotide sequenced. The amino
acid mutation frequency is the total number of nonsynonymous mutations divided by the number of amino acids in the sequence
analyzed.
c The normalized Shannon entropy is calculated as SN = −[∑i (pi ln pi)] /ln N, in which pi is the proportion of each sequence of the
mutant spectrum and N is the total number of sequences compared. SN is the nucleotide normalized Shannon entropy, and SNA is the
amino acid normalized Shannon entropy.
43H. Wang et al. / Virology Reports 5 (2015) 29–46structural proteins, including the antigenic sites of HAV, was relatively lower than that of the f
(F10, F12 and F14) encoding the nonstructural proteins. The amino acid mutation frequency ran
1.38 × 10−3 to 4.27 × 10−3 substitutions per amino acid, whichwas consistent with the nucleotide
frequency and themaximum amino acidmutation frequency in the F12 region.We also analyzed th
izing epitope sites located in the VP3 and VP1 regions in these clones. Although some nucleotide sub
were identiﬁed in position 3 of the codon, no amino acid mutations were found at the published
sites. Nucleotide sequence Shannon entropy values and amino acid sequence Shannon entropy va
ranged from 0.65–1.00, indicating the quasispecies complexity was more sophisticated than
anticipated.
4. Discussion
China is a developing country that holds the largest population in theworld.With continued imp
of sanitation levels and widespread HAV vaccination in this country, the incidence of hepatitis A has
in recent years. However, infection by HAV remains the major cause of acute viral hepatitis, espe
children and young adults (Cui et al., 2009; Cao et al., 2011). Analysis of the HAV sequence data
essential genetic information, and in some cases itmay be helpful for us to comprehend population e
ary trends and even to respond to hepatitis A outbreaks rapidly in the future.
In this present study, ﬁve acute HAV patient serum samples collected from different geographic
in China from 2006 to 2009were entirely sequenced and analyzed. Currently, 70HAV strains from a
world with the whole genome sequenced, which belong to genotype I, II, III and V, are availa
GenBank. With the ﬁve sequences obtained in the study, a total of 72 full-length sequences were
in the phylogenetic analysis. Results showed that all ﬁve strains were classiﬁed into subgenoty
had a high degree of homology. Among the sequences in this analysis, 10 isolated in China all be
genotype I, with 9 clustering with subgenotype IA and 1 clustering with subgenotype IB. In agreem
previous studies in China (Cao et al., 2011; Wang et al., 2013), these results suggest that subgen
and IB are co-circulating in China, with genotype IA being the most prevalent. In the phylogenetic
strains from China had a close genetic relationship with those from other countries in Asia, such
and Thailand. Japan is a developed country with a prosperous tourism industry, which may have
co-epidemic of various genotypes in this country. The isolates HA12-0796 and HA12-0938 were
from two Japanese patients who developed acute hepatitis A after traveling to the Philippines w
consumed undercooked shellﬁsh (Watanabe et al., 2014).With the economic development of China
of outbound tourists have increased each year, becoming one of the fastest rising in the world. T
precautionary measures are needed to deal with potential hepatitis A epidemics facilitated by tourists
returning to China.
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44 H. Wang et al. / Virology Reports 5 (2015) 29–46Recently, HAV genotype III strains were identiﬁed in Japan, Korea and India (Kulkarni et al., 20
et al., 2007; Lee et al., 2013), countries which are near China and have frequent exchange of trave
increased monitoring of the possible emergence and spread of genotype IIIA in China is nece
shown in the phylogenetic tree (Fig. 1), the subgenotype IA strains from Asia clustered together, wh
fromcountries of Europe and theAmericas, such asUruguay, United States,Mexico, Germany, Italy a
clustered together. These observations indicated that the subgenotype IA strains within Asia ha
relationship and even may have a common ancestor.
Despite genetic heterogeneity at the nucleotide level, only a single serotype of HAV has been
thus far, which is mainly attributed to its relatively simple antigenic structure and fairly conserved
in the capsid proteins (Nainan et al., 2006). In the ﬁve samples analyzed in this study, we fou
nucleotide variations in the capsid encoding regions, but those resulting in amino acid substitut
very limited when compared with the consensus sequences of the Chinese HAV isolates and the
sequences. Furthermore, nomutations were found at the known neutralizing epitopes, which are p
concentrated on the VP3 and VP1 regions (Ping & Lemon, 1992; Nainan et al., 1992; P.L. H et al., 198
VP3–VP1 regions, several amino acid mutations were observed, while most of them have been re
other subgenotype IA strains, and only the mutation at VP1-228 of isolate HT10, which was foun
to the viral immunodominant site, was identiﬁed for the ﬁrst time. Thus, further analysis of the
impact of this antigenic escape mutant should be carried out in the future.
Nucleotide substitutions in the coding region can be classiﬁed as nonsynonymous (dN) and syn
(dS). Nonsynonymous substitutions in a genemay lead to amino acid changes in the translated sequ
thus are more likely to alter protein function than synonymous substitutions. By comparing the nu
synonymous and nonsynonymous substitutions, viral natural selection can also be classiﬁed as posit
versifying), negative (or purifying) or neutral (Lam et al., 2010). In this presentwork, we found the c
mean nonsynonymous/synonymous substitution rate (dN/dS) across the entire coding regionwas l
using both the SLAC method and the Jukes–Cantor method, indicating that the coding region is un
negative selection.
Analysis of full-length sequences revealed evidence of common intratypic recombination, e
among subgenotypes IA and IIIA (Belalov et al., 2011). Recombination among different subgeno
been observed, reﬂecting the complexity of recombination patterns in HAV (Vaughan et al., 2014;
2009; Belalov et al., 2011). While no recombination between different genotypes has been dete
far, phylogenetic analyses based on eight distinct regions in this study found phylogenetic conﬂ
selected sequences, suggesting potential recombination events. Recombination analysis using
software conﬁrmed these observations. Subgenotype IA and IB recombination events were detec
reference sequences, with three in HAV5 and two in F.G.. One of the recombination events located
UTR region of isolate F.G. had not been reported before, while the other four signals were in li
previous study (Liu et al., 2009). More samples were included to search for potential recombinatio
study, which is a potential reason for the differences from the previous research. We also believ
further enlarging the sample size, more undiscovered recombination events will be detected in the
Circulation of diverse subgenotypes in China has been reported (Cao et al., 2011; Wang et al., 2
presents an opportunity for co-infection. The HAV5 strain originating in South America was an ex
a co-infection of subgenotype IA and IB in a single individual (Liu et al., 2009; de Paula et al., 2
ﬁve sequences obtained in this studywere all classiﬁed as subgenotype IA based on different region
er, several potential intratypic recombination events were detected using the Simplot software am
sequences. This recombinationmay be the result of co-infectionswithmore than oneHAV strain, w
thought to occur regularly (Vaughan et al., 2014; Belalov et al., 2011), and will require further
conﬁrm.
To estimate the HAV evolutionary characteristics of genotype I worldwide, analyses based on
genome sequences isolated in different regions as well as different years were carried out using th
Chain Monte Carlo (MCMC) method implemented in BEAST. The results showed that multiple com
parameters could apply to the data. When comparing the marginal likelihood and Bayes factor, the
lated lognormal clock model with constant growth was thought to be the best combination.
estimates under strict clock and lognormal relaxed clock were quite close to the best-ﬁtting com
The estimated mean substitution rate was 3.27 × 10−4 substitutions/site/year, and the tMRCA was traced
back to around 267 years ago. The subgenotype IA strains in Asia had a common ancestor, and the tMRCA
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45H. Wang et al. / Virology Reports 5 (2015) 29–46dated back to about 86 years ago. We believe the analysis will be more accurate by adding more s
isolated in different areas and years in the future.
RNA viruses replicate as a complex dynamic mutant population, termed viral quasispecies (Sánc
2003). Our previous study of VP3–VP1–2A regions revealed the distribution of HAV quasispecies
(Wang et al., 2013), but here we further investigated it with complete genome sequences in on
The results showed much greater mutation frequencies at the nonstructural protein coding area
at the 5′UTR and structural protein coding area, whichmay due to the structural regions undergoing
pressure and the structural constraints in the viral capsid (Wang et al., 2013; Sanchez et al., 2003).M
analyzed clones only differed by one nucleotide or amino acid, but at different sites within the regio
led to a high degree of heterogeneity. Indeed, the complexity of this quasispecies population w
complex thanwe had anticipated. However, only one clinical sample was examined in this work, an
information about the patient's background was available. Additionally, only 10–12 molecular clo
analyzed for each fragment, which may have produced a selection bias in this study. Therefore, mo
such as those utilizing next generation sequencing technology are warranted to explore this subjec
In summary, the present work characterized HAV subgenotype IA isolates circulating in China d
period from 2006–2009 and found that these viruses were under negative selection pressure. No a
mutationswere found at the published neutralizing epitope sites, but one unique substitutionwas fo
to the immunodominant site. Potential recombination events within subgenotype IA were detecte
isolates. The evolutionary history of HAV genotype I and quasispecies distribution based on whole
sequences were also analyzed. This work provides information on themolecular epidemiology and
of HAV in China, whichwill be useful for future studies of HAV genetic diversity and quasispecies co
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